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ABSTRACT 

The mouse PM-1 monoclonal antibody binds to the human interleukin 
6 receptor, Inhibits IL-6 functions, and shows strong antitumor cell activ- 
ity against multiple myeloma cells. In order to be effective as a therapeutic 
agent administered to human patients in repeated doses, reshaped human 
PM-1 antibodies consisting of human REI-based light chain and NEW- 
based heavy chain variable regions were designed and constructed with 
the assistance of a structural model of the mouse PM-1 variable regions. 
The best reshaped human PM-1 antibody is equivalent to mouse or chi- 
meric PM-1 antibody in terms of antigen binding and growth inhibition 
against multiple myeloma cells. Only a few minor changes in the human 
framework regions were required to recreate the mouse PM-1 antigen- 
binding site within a human antibody. The reshaped human PM-1 anti- 
body, therefore, could be efficacious in human multiple myeloma patients. 



INTRODUCTION 

IL-6 3 is a multifunctional cytokine that is produced by a range of 
cells. It regulates immune responses, acute phase reactions, and he- 
matopoiesis, and may play a central role in host defense mechanisms 
(1). IL-6R is expressed on lymphoid as well as nonlymphoid cells in 
accordance with the multifunctional properties of IL-6. Abnormal 
expression of the IL-6 gene has been suggested to be involved in the 
pathogenesis of a variety of diseases especially autoimmune disease, 
mesangial proliferative glomerulonephritis, and plasmacytoma/ 
myeloma (2, 3). Antibodies which inhibit IL-6 functions, therefore, 
are expected to be useful as therapeutic agents in human patients. 
Indeed, a clinical study using a mouse monoclonal antibody against 
human IL-6 to treat a terminally ill patient with primary plasma cell 
leukemia showed a blockage in myeloma cell proliferation, transient 
tumor cytostasis, and a reduction in IL-6-related toxicities (4). A 
mouse monoclonal antibody which binds to the human IL-6R and 
inhibits IL-6 functions has been isolated (5). This mouse antibody, 
PM-1, has been demonstrated to have strong antitumor cell activity 
against human myeloma cells transplanted into the severe combined 
immunodeficiency mouse (6). 

Mouse antibodies, however, are highly immunogenic in human, 
patients. For this reason, their therapeutic value in human patients is 
limited. In order to be effective as therapeutic agents administered to 
human patients in repeated doses, mouse antibodies must be engi- 
neered to look like human antibodies. The most complete humaniza- 
tion of a mouse antibody is achieved by grafting the CDRs from the 
mouse antibody into a human antibody to recreate a good, functional 
antigen-binding site in a reshaped human antibody (7-14). 
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This report describes the creation of a reshaped human antibody 
that is equivalent to the original mouse PM-1 antibody in terms of 
binding to the human IL-6R and inhibition of multiple myeloma cell 
growth. 

MATERIALS AND METHODS 

cDNA Cloning. Total RNA was prepared from hybridoma cells using a 
standard guanidinium thiocyanate/cesium chloride procedure (15). First 
stranded cDNA synthesis was achieved directly from 5 ug of total RNA (16). 
cDNAs were generated by a PCR method designed for rapidly cloning entire 
mouse immunoglobulin variable regions (17). 

Construction of Chimeric Antibody. The cDNAs coding for the mouse 
PM-1 k light chain or the heavy chain variable regions were modified by a 
PCR method (10) and then linked to the gene coding for human k or human y- 1 
constant regions* respectively, on the HEF expression vectors. 4 The HEF 
expression vectors were constructed by replacing human cytomegalovirus 
promoter/enhancer region of the human cytomegalovirus expresson vectors (9, 
10) with human elongation factor 1-oc promoter/enhancer region (kindly pro- 
vided by Dr. Y. Kaziro). 

Construction of Reshaped Human Antibodies. Following a PCR mu- 
tagenesis method (18), CDRs of the mouse PM-1 light and heavy chain 
variable regions were grafted to human REI and NEW FRs, respectively. In 
order to prepare the template DNAs containing the selected human FRs, the 
Ncol-BamHl fragments containing DNA sequences coding for the reshaped 
human D1.3 light and heavy chain variable regions, which have FRs from 
human REI and NEW (8), respectively, were excised from plasmid DNAs 
alysll and F10 (provided by Dr. G. Winter, MRC, Cambridge, United King- 
dom) and then subcloned into the //mdlll-Ba/nHI site of pUCI9 vector using 
a Hind\\\-Ncol adaptor. Fig. 1 shows the strategy for the construction of the 
first versions of reshaped human PM-1 light and heavy chain variable regions. 
Using appropriate mutagenic PCR primers and template DNA, several versions 
were constructed. After DNA sequencing, the HindXil-BamHl fragments cod- 
ing for reshaped human PM-1 variable regions were excised from the pUC19 
vectors and inserted in the /Yirtdlll-SamHI sites in the HEF expression vectors. 

Transfection of COS Cells and Purification or Antibody. Plasmid DNAs 
(10 ug of each) were added to a 0.8 ml of 1 X 10 7 cells/ml in phosphate- 
buffered saline. A pulse was delivered at 1 .9 kV, 25 uF capacitance (Gene 
Pulsar. Bio-Rad). After a 10-min recovery period at room temperature, the 
electroporated cells were added to 20 ml of Dulbecco's modified Eagle's 
medium (GIBCO) containing 10% y-globulin-free fetal calf serum. After 72 h 
incubation, the medium was concentrated using a M T 100,000 cutoff ultrafil- 
tration device (Amicon), and then applied to a protein A-agarose column 
(Affi-Gel Protein A MAPSI! kit; Bio-Rad). The eluate was concentrated and 
the buffer changed to phosphate-buffered saline using a microconcentrator 
(Centricon 10; Amicon). 

Enzyme-linked Immunosorbent Assay. For the antigen-binding assay, 
96-well plates were coated with mouse MT18 monoclonal antibody to the 
human IL-6R (5), which recognizes an epitope different from that of PM-l 
antibody. Following blocking, soluble recombinant human IL-6 receptor 
(SR344) (19) was added. After a washing, the samples were serially diluted and 
added to each well and then alkaline phosphatase-conjugated goat anti-human 
IgG was added. After incubation and washing, substrate buffer was added, and 
then the absorbance at 405 nm was measured. For the competition assay to 
determine whether the antibodies could compete with biotinylated IL-6 for 
binding to IL-6 receptor, 96-well plates were prepared in the same manner as 
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Fig. l.Thc CDR-grafting method Five PGR prim- 
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vector. The mutagenic primers B, C, and D were 
40-60 bases long, consisting of DNA sequences cod- 
ing for CDRs from mouse PM-1 variable regions and 
the FRs in the template DNA that flank the CDR 
regions. In the first PGR, primers D and E were used. 
The first PCR product was used in the second PCR as 
a forward primer with primer C In the same manner, 
the third and fourth PCRs were carried out, and then 
the fourth PCR product was digested with BomHl and 
HindU and subcloned into vectors. 
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described above. The samples were serially diluted arid added together with 
biotinylated human IL-6 to each well, and then alkaline phosphatase-conju- 
gated streptavidin was added. The absorbance at 405 run was measured as 
described above. 

Cell Lines and Growth Inhibition Assay. Human multiple myeloma cell 
lines. MMS1 (20) and H-KM3 (21), were maintained in RPMI 1640 supple- 
mented with 10% or 20% fetal calf serum (GIBCO), respectively, in the 
presence of 250 pg/mi of recombinant human IL-6. S6B45 cell line which was 
established by transfecting the human IL-6 cDNA into MMS1 cell (22) shows 
autocrine growth through IL-6 and was maintained in RPMI 1640 supple- 
mented with 20% fetal calf serum. For the growth inhibition assay, S6B45 
(1 X 10 4 cells) and ILKM3 (1 X 10 3 cells), and MMSI (4 X 10 4 cells) were 
cultured in 96-welI microplates in the presence of test samples (antibodies) for 
4 and 6 days, respectively. After pulse labeling with [ 3 H]thymidine for 5 h, 
cells were harvested and supplied to a liquid scintillation counter. 

Molecular Modeling. A molecular model of the mouse PM-1 antibody 
variable region was built on a Silicon Graphics Iris 4D work station using the 
molecular modeling package Quanta (Polygen Corp.). The search of candidate 
loop structures was made over a database containing 104 high resolution X-ray 
protein structures using the algorithm of Jones and Thirup (23). The model was 
energy minimized using the CHARMm potential (24) as implemented in 
Quanta. 

RESULTS 

V-Region Sequence Analysis. The mouse PM-1 light and heavy 
chain variable regions belong to mouse kappa light chain subgroup I 
and mouse heavy chain subgroup II, respectively. With respect to 
human antibodies, the mouse PM-1 light and heavy chain variable 
regions were most similar to REI (72.2%) (25), a member of human 
k light chain subgroup I, and VAP (71.8%) (26), a member of human 
heavy chain subgroup II, respectively. The structures chosen for the 
modeling of the mouse PM-1 variable regions were those with the best 
identities, mouse antibodies R19.9 (91.6% ) (27) for the light chain 
and HyHEL-10 (80.6% ) (28) for the heavy chain. Canonical struc- 
tures for the light chain CDRs all corresponded to R19.9; therefore, 
these were retained in the model. For the heavy chain, only the H2 
corresponded to HyHEL-10. The HI loop was anchored on the o>car- 
bon atoms of residues 29 and 30 and residues 36 and 37. A database 
search revealed a loop from human ubiquitin (29) from residue 61 
(sequential numbering) onwards. Similarly, the H3 loop was anchored 
on residues 93 and 94, and residues 103 and 104, respectively. A 
candidate loop from Pseudomonas cytochrome c (30) was found in the 
region of residue 55 onwards. The structure model of the mouse PM1 
variable regions is shown in Fig. 2. 

Design of Reshaped Human PM-1 Variable Regions. As shown 
in Fig. 3, two versions of reshaped human PM-1 light chain variable 
region were designed. In version a, the human FRs were identical to 
the REI-based FRs present in the reshaped human CAMPATH-1H (7). 



REI is a member of subgroup I of human k light chain variable 
regions. Mouse PM-1 kappa light chain variable region is most similar 
to this human subgroup. Version b was based on version a with only 
one amino acid change at position 71 in human FR3. Residue 71 is 
part of the canonical structure for LI and may, therefore, influence 
antigen binding. For the reshaped human PM-1 heavy chain variable 
region, six versions were designed. In all six versions, the human FRs 
were based on the NEW FRs present in reshaped human CAMPATH- 
1H. NEW is a member of subgroup II of human heavy chain variable 
regions and shows 68.4% similarity to mouse PM-1 heavy chain 
variable region . Seven amino acid residues in the human FRs (posi- 
tions 1, 27, 28, 29, 30, 48, and 71) were identified as having a possible 
adverse influence on antigen binding. In the model of mouse PM-1 
variable regions, residue 1 is a surface residue that is located close to 
the CDRs. Residues 27 to 30 are part of the canonical structure for HI 
(31) and are observed in the PM-1 model to form part of the HI loop. 
These residues, therefore, are likely to be directly involved in antigen 
binding. Residue 48 is buried under the H2 loop and, therefore, may 
be influencing the conformation of this loop. Residue 71 is part of the 
canonical structure for H2 (31-33). In the model, it appeared that 
Arg-71 influences both the HI and H2 loop conformations by forming 
hydrogen bonds with Thr-30, Asp-32, and Ser-54. 

Analysis of Reshaped Human PM-1 Antibodies. Two versions of 
the reshaped human PM-1 light chain were evaluated by combination 
with the chimeric PM-1 heavy chain. The antigen-binding assay 
' showed that the light chain version a was equivalent to chimeric PM-1 
light chain, whereas version b virtually abolished binding to antigen 
(data not shown). From these results, it was concluded that the change 
at position 71 in FR3 from a phenylalanine to a tyrosine was very 
important to recreate a functional antigen-binding site. 

Six versions of the reshaped human PM-1 heavy chain were eval- 
uated by combination with the light chain version a (Fig. 4A). The 
light chain version a plus the heavy chain version f clearly provided 
the best reshaped human PM-1 antibody. It binds to the human IL-6R 
as well as chimeric PM-1 antibody. It also inhibits human IL-6 from 
binding to the human IL-6 receptor as well as both original mouse and 
chimeric PM-1 antibodies (Fig. 45). Versions b, c, and e showed good 
antigen binding but are not equivalent to chimeric PM-I antibody 
(Fig. 4A ). Version d showed fair binding and version a showed poor 
binding to the human IL-6 receptor (Fig. 4/4). 

Growth Inhibition against Multiple Myeloma Cells. Fig. 5 
showed that the reshaped human PM-1 antibody (a combination of the 
light chain version a and the heavy chain version 0 is effective in 
inhibiting the. IL-6-dependent multiple myeloma cell growth. The 
concentrations of the reshaped human PM-1 antibody which inhibited 
50% cell growth were 90 ng/ml (S6B45). 100 ng/ml (ILKM3), and 0.8 
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Fig. Z An a-carbon trace of the variable regions of 
the mouse PM-1 monoclonal antibody model. The 
CDRs are shown by faint lines, FRs 3 by bold lines, 
and framework side chains of interest in this work by 
dotted lines. 
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Fig. 3. Design of different versions of reshaped human PM-1 light and heavy chain variable regions. Amino acid are numbered according to Kabat et al. {A) The FRs given for REI 
are those found in the reshaped human CAMPATH- 1 H light chain (7). The five underlined amino acid residues arc those that differ from the amino acid sequence of human REI (25). 
(B) The FRs given for NEW are those found in the first version of reshaped human CAMPATH- 1 H heavy chain. 
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Fig. 4. Analysis of the reshaped human PM-1 antibodies. (A) Enzyme-linked immu- 
nosorbent assay for binding to human IL-6R. Reshaped antibodies consist of RVla and 
RVha (CD), RVhb Q. RVhc (■), RVhd (A), RVhe (▲), and RVhf (•). Chimeric antibody 
(O) was used as a positive control, (fl) Enzyme-linked immunosorbent assay testing the 
ability of antibody to inhibit IL-6 from binding to IL-6R; mouse PM-1 (A), chimeric PM- 1 
(O), and reshaped human PM-1 consisting of RVla and RVhf (•). 



ug/ml (MMS1) in this assay. This was equivalent to the results ob- 
served with the original mouse PM-1 antibody, 110 ng/ml, 120 ng/ml, 
and 1 ug/ml, respectively. These results also indicated that PM-1 
antibody is effective on both paracrine and autocrine growth of muu\ 
pie myeloma cells through IL-6. 

DISCUSSION 

We report the design and construction of a reshaped human PM- 1 
antibody that is equivalent to both mouse and chimeric PM-1 anti- 
bodies in terms of antigen binding and growth inhibition of multiple 
myeloma cells. In the FRs of the best reshaped human PM-1 light 
chain variable region (version a), there were five differences from the 
FRs in the original human REI (25) at positions 39, 71. 104, 105, and 
107. The three changes in FR4 at positions 104, 105, and 107 were 
based on a J region from another human k light chain. The lysine at 
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position 39 is the most common residue from members of the human 
kappa chain subgroup I. These changes, therefore, do not constitute a 
deviation from human (7, 34). The tyrosine at position 71 infREI was 
changed to phenylalanine in the construction of the reshaped human 
CAMPATH-1H light chain variable region. Since residue 71 is part of 
the canonical structure for LI (3 1), it was predicted that position 71 in 
the reshaped human PM-1 light chain variable region should be ty- 
rosine as found at that position in mouse PM-1 light chain. Indeed a 
phenylalanine to tyrosine change at position 71 in the reshaped human 
Dl.3 light chain variable region contributed an additional 0.8 kcal/mol 
towards stabilization (35). Rather surprisingly, version b of the re- 
shaped human PM-1 light chain variable region (Tyr-71) showed little 
or n binding to human IL-6R, whereas, version a (Phe-71) showed 
good binding. In the model of mouse PM-I variable regions, Tyr-71 is 
buried and forms a hydrogen bond with Ser-31 on the LI. The loss of 
the hydrogen bond after changing the tyrosine to phenylalanine seems 
to have had a beneficial effect on antigen binding, possibly due to 
conformational changes in LI which could influence the conformation 
of the L3 loop. 

Of the seven positions tested in the FRs of the reshaped human 
PM-1 heavy chain variable regions, five changes at positions 27, 28, 
29, 30, and 71 were required to recreate a good, functional antigen- 
binding site comparable to the original mouse PM-1 heavy chain 
variable region. Residues 27 to 30, although formally designated as 
part of the FRs (34), are known to form part of the HI structural loop 
(31) and possibly interact with the antigen directly. Position 71 is a 
major determinant of the conformation of the H2 loop. The H2 loop 
of PM-1 heavy chain variable region consists of a three residue hairpin 
structure similar to that of HyHEL-10 (33). In the model of the mouse 
PM-1 variable regions, the Arg-71 interacts with HI and H2 and could 
pack against the Ile-29. Indeed Fig. 4 shows that the change of the 
valine to arginine at position 71 is quite critical in recreating the 
antigen-binding site. Position 1 was predicted to be a surface residue 
located close to the CDRs and thus might influence antigen binding. 
The data comparing versions c and b show that position 1 is probably 
not very important in recreating the antigen-binding site. The residue 
at position 48 in the heavy chain variable region was not defined as a 
canonical residue but the change at this position influenced antigen 
binding of the reshaped human 425 antibody (9). The data comparing 
versions d and b show that position 48 is not important in recreating 
the PM-1 antigen-binding site, possibly due to the difference of the H2 
loop structure between PM-1 and 425 antibodies. 

As mentioned above, only a few minor changes in FRs were re- 
quired to reshape a human antibody which is equivalent to the original 
mouse PM-1 antibody. The reshaped human PM-1 antibody, therefore, 
looks very like a human antibody and is expected to be a poor 
immunogen in human patients. 

It has been reported that IL-6 is a major myeloma cell growth 
factor, especially in the final phases of malignant plasma cell dyscra- 
sias (3). Indeed the first clinical study using a mouse monoclonal 
antibody against human IL-6 to treat a terminally ill patient with 
primary plasma cell leukemia suggested that inhibitors of IL-6 func- 
tion could be effective as therapeutic agents for multiple myeloma (4). 
Mouse PM-1 antibody against human IL-6 receptor has also showed 
strong antitumor cell activity against multiple myeloma cells in vivo 
(6). The reshaped human PM-1 antibody inhibits multiple myeloma 
cell growth as well as the original mouse PM-1 antibody does in vitro 
(Fig. 5). In vivo efficacy of the reshaped human PM-1 antibody 
against multiple myeloma will be evaluated. Multiple myeloma is 
always lethal and very little therapeutic treatment has been achieved. 
The reshaped human PM-I antibody is expected to be useful as a 
therapeutic agent in human multiple myeloma patients. 



ACKNOWLEDGMENTS 

We are grateful to Drs. S. T. Jones and C. A. Kettleborough for helpful 
discussions. We also thank Dr. Y. Kaziro for kindly providing EFl-a promoter 
gene. 

REFERENCES 

1. Kishimoto, T. The biology of interleukin-6. Blood, 74: 1-10, 1989. 

2. Hirano, T., Akira, T. Taga. T., and Kishimoto. T. Biological and clinical aspects of 
interlcukin-6. Immunol. Today. //.* 443-449. 1990. 

3. Klein, B.. Zhang, X. G., Jourdan, M. Boiron. J. M.. Portier, M., Lu. Z. Y., Wijdenes, 
J.. Brochier, J., and Bataille, R. Interleukin-6 is the central tumor growth factor in vitro 
and in vivo in multiple myeloma. Eur. Cytokine Net., /.* 193-201. 1990. 

4. Klein, B., Wijdenes, J., Zhang, X. G.. Jourdan, M., Boiron, J. M., Brochier, J.. 
Liautard, J., Merlin, M., Clement, C Morel -Fournier, B., Lu, Z. Y., Mannonl, P.[ 
Sany, J., and Bataille, R. Murine anti-interlcukin-6 monoclonal antibody therapy for 
a patient with plasma cell leukemia. Blood, 78: 1198-1204, 1991. 

5. Hirata, Y., Taga, T., Hibi, M„ Nakano, N., Hirano, T., and Kishimoto, T. Character- 
ization of IL-6 receptor expression by monoclonal and polyclonal antibody. J. Im- 
munol.. 143: 2900-2907, 1989. 

6. Suzuki, H„ Yasukawa, K., Saito, T.. Goitsuka, R., Hasegawa, A., Ohsugi. Y., Taga, T.. 
and Kishimoto, T. Anti-human interleukin-6 receptor antibody inhibits human my- 
eloma growth in vivo, Eur. J. Immunol., 22; 1989-1993, 1992. 

7. Riechmann, L., Clark, M., Waldman, H., and Winter. G. Reshaping human antibodies 
for therapy. Nature (Lond.), 322: 323-327, 1988. 

8. Verhoeyen, M., Milstein, C. M., and Winter, G. Reshaping human antibodies: grafting 
an anti-Iysozyme activity. Science (Washington DC), 239: 1534-1536, 1988. 

9. Kettleborough. C. A., Saldanha. J„ Heath. V. J., Morrison, C. J., and Bendig, M. M. 
Human izat ion of a mouse monoclonal antibody by CDR-grafting: the importance of 
framework residues on loop conformation. Protein Engng., 4: 773-783, 1991. 

10. Maeda, H., Matsushita, S.. Eda. Y, Kimachi. K., Tokiyoshi, S., and Bendig, M. M. 
Construction of reshaped human antibodies with HIV-neutralizing activity. Hum. 
Antibodies Hybridoma, 2: 124-134, 1991. 

11. Gorman, S. C, Clark, M. E.. Routlcdgc, E. G., Cobbold, S. P., and Waldmann. H. 
Reshaping a therapeutic CD4 antibody. Proc. Natl. Acad. Sci. USA, 88: 4181-4185, 
1991. 

12. Tempest, P. R., Bremner, P., Lambert, M., Taylor, G., Furze, J. M., Carr, F.J.. and 
Harris, W. J. Reshaping a human monoclonal antibody to inhibit human respiratory 
syncytial virus infection in vivo. Bio/Technology, 9: 266-271, 1991. 

13. Co, M. S., Deschamps, M., Whitley, R. J., and Queen, C. Humanized antibodies for 
antiviral therapy. Proc. Natl. Acad. Sci. USA, 88: 2869-2873. 1991 

14. Carter, P., Presia, L.. Gorman. C. M„ Ridgway, J. B. B, Henner, D., Wong, W. L. T., 
Rowland, A. M.. Kotts, C, Carver, M. E., and Shepard, M. H. Humanization of an 
anti-pI85HER2 antibody for human cancer therapy. Proc. Natl. Acad. Sci. USA. 89: 
4285-4289, 1992. 

15. Chirgwin, J. M.. Przybyla, A. E., MacDonald, R. J., and Rutter, W. J. Isolation of 
biologically active ribonucleic acid from sources enriched in ribonuclease. Biochem- 
istry., 18: 5294-5299, 1979. 

16. Larrick, J. W., Danielson, L.. Brenner, C. A., Wallace, E. F., Abrahamson, M., Fry, K. 
E., and Borrebaeck, C. A. Polymerase chain reaction using mixed primers: cloning of 
human monoclonal antibody variable region genes from single hybridoma- cells. 
Bio/Technology. 7: 934-938, 1989. 

17. Jones. S. T., and Bendig, M. M. Rapid PCR-cIoning of full-length mouse immuno- 
globulin variable regions. Bio/Technology, 9: 88-89, 1991. 

18. Kamman, M., Laufs, J.. Schell, J., and Groncnbom, B. Rapid insenional mutagenesis 
of DNA by polymerase chain reaction(PCR). Nucleic Acids Res., 15: 5404. 1989. 

19. Yasukawa, K., Saito, T., Fukunaga. T.. Sekimori. Y-, Koishihara, Y., Fukui, H., 
Ohsugi, Y. Matsuda, T., Yawata, H.. Hirano. T., Taga, T., and Kishimoto, T. Purifi- 
cation and characterization of soluble human IL-6 receptor expressed in CHO cells. 
J. Biochcm., 108: 673-676. 1990. 

> 20. Okuno, Y., Takahashi, T., Suzuki, A., Ichiba. S.. Nakamura. K., Hitomi, K., Sasaki, R., 
- and Imura, H. Expression of the erythropoietin receptor on a human myeloma cell 
line. Biochcm. Biophys. Res. Commun.. 170: 1128-1134. 1990. 

21. Shimizu. S., Yoshioka, R.. Hirosc, Y., Sugai, S., Tachibana, J., and Konda. S. Estab- 
lishment of two inter) cukin-6(B cell stimulatory factor/intcrlcukin b2)-dependent 
human boncmarrow-dcrived myeloma cell lines. J. Exp. Med., 169: 339-344. 1989. 

22. Okuno, Y., Takahashi, T„ Suzuki. A.. Fukumoto. M., Nakamura. K., Karasuyama. H., 
Fukui, H., Koishihara, Y„ Ohsugi, Y.. and Imura, H. Acquisition of growth autonomy 
and tumorigenccity by an interlcukin 6-dcpcndcnt human myeloma cell line trans- 
fectcd with interlcukin 6 cDNA. Exp. Hcmatol.. 20: 395-400. 1992. 

23. Jones. T. A., and Thirup. S. Using known substructures in protein model building and 
crystallography. EM BO J.. 5: 819-822, 1986. 

24. Brooks, B. R.. Bruccolcri. R. E., Olafson, B. D.. States. D. J., and Karplus. M. 
CHARMM: A program for macromolccular energy, minimization, and dynamics 
calculation. J. Comp. Chem., 4: 187-217, 1983. 

25. Palm, W., and Hilschmann. N. Die primarstrukuiur ciner kristallincn monoklonalen 
immunoglobulin L kctte vom k-typ. subgruppe I (Bencc-Jones-Protein Rei.), iso- 
lierung und charakterisicning dcr trypiischen peptide; die vol Island ige aminosaure- 
sequenz des proleins. Hoppc-Scyler*s Z. Physiol. Chem., 356: 167-191, 1975. 

26. Schroeder. H. W.. H illson. J. L.. and Perlmutter. R. M. Early restriction of the human 
antibody repertoire. Science (Washington DC). 238: 791-793. 1987. 

27. Lascombe, M. B.. Alzari, P. M., Boulot. G.. Saludjian. P., Tougard. P., Berek, C. 
Haba, S., Rosen. E. M-, Nisonoff, A., and Poljiak. R. J. Three-dimensional structure 



855 



RESHAPED HUMAN ANTIBODY 



of Fab R19.9. a monoclonal murine antibody specific for the p-azobenzenerasonate 
group. Proc. Natl. Acad. Sci. USA, 86: 607-611. 1989. 
28. Padlan. E A., Silverton, E W.. Sheriff, S., Cohen. G. H.. Smith-Gill. S. J.. 

D. R. Structure of an antibody-antigen complex: Fab-lysozyme complex. Proc. wau. 
Acad. Sd. USA, 86: 5938-5942. 1989. ...... f ....ia 

29 Vijay-Kumar. S., Bugg,C. E, and Cook. W. J. Stmcture of ubiquitm refined at 1.8A 

resolution. J. Mol. Biol.. 194: 531-544, 1987. 
3a Matsuura, Y., Takano. T., and Dickerson. R. E Structure of cytochrome 051^m 
Pseudomonas aeruginosa refined at 1.6 A resolution and companson of the two redox 
forms. J. Mol. BioL, 156: 389. 198Z . 
Chothia, C, Lesk, A. M., Tramontane, A.. Levitt, M., Smim-Gu% S. J.. Air. G., 
Sheriff. S.. Padlan, E A., DavisD.. Tulip, W. R.. Colman, P. M., SpineUi. S., Alzan, 
P M, and Foljak. R. J. Conformations of immunoglobulin hypervanable regions. 



31 



Nature (Lond.). 34: 877-883. 1989. 
3Z Chothia, C. and Lesk, A. M. Canonical structure for the hypervanable regions of 

immunoglobulins. J. Mol. BioL, 196: 901-917, 1987. 
33. Tramontane, A., Chothia, C. and Lesk, A. M. Framework residue 71 is a major 

determinant of the position and conformation of the second hypervanable region in 

the VH domains of immunoglobulins. J. Mol. Biol.. 215: 175-182, 1990. 

34 Kabat, E A.. Wu. T. T.. Reid-Miller. M.. Perry, H. M., and Gottesman, K. S. 
Sequences of Proteins of Immunological Interest. Washington. DC: United States 
Department of Health and Human Services. United States Govermem Printing Of- 
fices. 1987. ^ . t r . f 

35 Foote, J., and Winter. G. Antibody framework residues affecting the conformation of 
* the hypervanable loops. J. Mol. Biol.. 4: 487-499. 1992. 



856 



